Abstract An unprecedented stable isotope dilution assay for the genotoxic altertoxins along with exposure data of consumers is presented to enable a first risk assessment of these Alternaria toxins in foods. Altertoxins were produced as the most abundant Alternaria toxins in a modified Czapek-Dox medium with a low level of glucose as the carbon source and ammonium sulfate as the sole nitrogen source. Labeled altertoxins were synthesized in the same way using [ . The inter-/intra-day (n=3×6) relative standard deviations of the method were below 13 %, and the recoveries ranged between 96 and 109 %. Among the various commercial food samples, some of the organic whole grains revealed low-level contamination with altertoxin I and alterperylenol, and paprika powder, which was heavily loaded with alternariol, alternariol methyl ether, and tentoxin, showed higher contamination level of altertoxin I and alterperylenol. Altertoxin II and III and stemphyltoxin III were not detectable. In addition, if the food was contaminated with altertoxins, it was likely to be co-contaminated with the other Alternaria toxins, but not necessarily vice versa. Maximum concentrations of altertoxin I and alterperylenol were detected in sorghum feed samples containing 43 and 58 μg kg −1 , respectively. This was significantly higher than that in the measured food samples.
Introduction
Altertoxin (ATX) I, II, III, alterperylenol, and stemphyltoxin III (Ste III) are perylenquinone derivatives produced by Alternaria spp., such as Alternaria alternata [1] , Alternaria mali [2] , Alternaria eichorniae [3] , and Stemphylium sp. [4] ( Fig. 1) .
Pero et al. first isolated ATX I and II in 1973 and indicated considerable cytotoxicity of these Alternaria metabolites. In particular, ATX II was reported to be highly toxic against the cervical cancer cell line HeLa, with the median inhibitory dose of cell growth (IhD 50 ) of 0.5 μg mL −1 , compared with the IhD 50 values for the other Alternaria toxins alternariol (AOH), ATX I, and tenuazonic acid of 6, 20, and above 40 μg mL −1 , respectively [2] . In 1983, Okuno et al. elucidated the correct structures of ATX I and alterperylenol and proposed a possible biosynthetic route involving a polyketide pathway [5] . Regarding mutagenicity, ATX III, II, and I have been reported to show a mutagenic potency of approximately 0.7, 0.5, and less than 0.03 revertants per pmol with Salmonella typhimurium TA100 [6] . Recently, it has been reported that ATX II is at least 50 times more potent as a mutagen than the common Alternaria toxins AOH and alternariol methyl ether (AME) in cultured Chinese hamster V79 cells [7] .
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Considering the mutagenic and possibly carcinogenic potency of ATXs, an efficient analytical method should be established for a substantial risk evaluation [8] . In particular, the lack of substantial exposure data was the reason that ATXs were excluded from a recent Scientific Opinion on the risks of Alternaria toxins presented by the European Food Safety Authority (EFSA) Panel on Contaminants in the Food Chain [9] .
Analytical methods including HPLC-UV and TLC methods have been developed to determine ATX I in juices, and the matrix-dependent limits of detection (LODs) ranged from 70 to 1,000 μg kg −1 [10] . Moreover, a HPLC method with electrochemical detection was developed to monitor ATX I and ATX II at sub-parts per million levels from extracts of artificially infected maize [11] . Heavy ATX I contamination was found in infected wheat and sorghum [12, 13] . Recently, ATX I has been included in some multimycotoxin LC-MS/MS methods using external calibration [14] [15] [16] [17] . The lowest demonstrated LOD was 3 μg kg −1 [14] . However, for commercial food analysis, the sensitivity and selectivity of previously established methods are inadequate. Therefore, the purpose of this study was to develop a validated isotope dilution LC-MS/MS method for ATX I, II, and alterperylenol. Additionally, the dibenzopyrone derivatives AOH and AME and the phytotoxic cyclic peptide tentoxin (TEN), which have been frequently detected in food, were included in this multiple method to observe distributions of these toxins in food (Fig. 2 ).
Materials and methods

Chemicals and reagents
Ammonium sulfate, citric acid, copper(II) sulfate pentahydrate, glucose, iron(II) sulfate heptahydrate, and potassium chloride were purchased from Merck (Darmstadt, Germany). Manganese(II) sulfate monohydrate, potassium dihydrogen phosphate, sodium molybdate dihydrate, sodium nitrate, zinc sulfate monohydrate, maltose, and reference materials of AOH and AME were obtained from Sigma-Aldrich (Steinheim, Germany). Boric acid was purchased from Avantor Performance Materials (Deventer, The Netherlands), and magnesium sulfate heptahydrate was purchased from AppliChem (Darmstadt, Germany [18, 19] .
Instrumentation
Products were purified by a LaChrom HPLC system (Merck/ Hitachi, Tokyo, Japan) using a YMC-Pack Pro C18 preparative column (150×20 mm, 10 μm, 120 Å, YMC, Dinslaken, Germany) applying the gradient elution detailed in Table S2 in the Electronic Supplementary Material (ESM). LC-MS/MS was performed on a Shimadzu LC-20A Prominence system (Shimadzu, Kyoto, Japan) using a HyperClone BDS C18 column (150 × 3.2 mm, 3 μm, 130 Å, Phenomenex, Aschaffenburg, Germany) interfaced to a hybrid triple quadrupole/linear ion trap mass spectrometer (4000 QTrap, Applied Biosystems, Foster City, CA, USA). The UV absorption was recorded on an UV spectrometer SPECORD 50 (Analytik Jena, Jena, Germany). The purified compounds were characterized by 1 H-NMR on a Bruker AV III system (Bruker, Rheinstetten, Germany) operating at 500 MHz. All compounds were dissolved in D 4 -MeOH. 
Biosyntheses
Synthesis of ATX standards in rice culture
To 25 g of parboiled rice, 15 mL distilled water was added in a 250-mL polycarbonate Erlenmeyer flask, and the flask was sterilized at 121°C for 20 min. It was then inoculated with a loop of A. alternata conidia (obtained from the Chair of Phytopathology, TU München), which was isolated from a potato leaf of a field trial in Freising at the end of the potato early blight epidemics in 2012. The culture was left at room temperature for 37 days. Subsequently, the moldy rice was finely homogenized using a mortar and pestle and extracted with DCM (2×100 mL) on a shaker at 110 rpm for 6 h. The extract was evaporated under vacuum, and the brown-red residue was dissolved in 3 mL of ACN-H 2 O (50:50, v/v), filtered, and purified by preparative HPLC detailed above. Purity was assessed by integration of the HPLC peak areas at 254 nm eluted isocratically with different mixtures of ACN and water. ATX I (244 μg, >99 % pure), alterperylenol (60 μg, >99 % pure), ATX II (177 μg, >97 % pure), and Ste III (171 μg, >98 % pure) were collected. Analytical data of the products are shown in Table 1 . All 1 H-NMR data are in agreement with the literature [20, 21] . Maximum wavelengths of the UV absorption are in good agreement with the literature as well, whereas the absorption coefficients deviate from the highly inconsistent literature data [1, 20, 22] .
Synthesis of [
C 20 ]ATXs in synthetic medium
In a 250-mL polycarbonate Erlenmeyer flasks, containing [
), and a solution of trace elements (100 mL of aqueous solution containing citric acid 5 g, ZnSO ) [23] , 25 mL of modified Czapek-Dox medium was prepared. The pH was adjusted to 5.5. The medium was sterilized at 121°C for 20 min. The cooled medium was inoculated with the A. alternata strain that was also used to prepare the unlabeled toxins. The culture was then incubated on a shaker at 110 rpm at 26°C for 7 days in darkness. After 7 days, the culture broth was filtered. The aqueous solution was extracted with ethyl acetate (2×20 mL). The residue was homogenized using the mortar and pestle and extracted with DCM-MeOH (1:1, v/v; 2×25 mL) on a shaker at 110 rpm for 3 h. The combined extracts were evaporated under vacuum, and the brown-red residue was dissolved in 1 mL of ACN-H 2 O (50:50, v/v) and purified by preparative HPLC. ), 25 mL of modified Czapek-Dox medium was prepared. The pH was adjusted to 5.5. Incubation with the same A. alternata strain and extraction of the medium were performed analogously to the procedure described above for altertoxins. After several preparative HPLC runs, 5 μg of [ 13 C 14 ]AOH and [ 13 C 15 ]AME was collected, quantified by a UV spectrometer using the verified absorption coefficient [18] , and prepared in ACN as internal standards for food analysis. Table 2 .
Quantitative NMR Quantitative NMR measurement was performed analogously to the method described by Korn et al. [24] Briefly, the purified compounds were dissolved in 200 μL of D 4 -MeOH in 3×103.5-mm NMR tubes (ST500-7, Norell, Landisville, PA, USA) and directly analyzed on the Bruker AV III system. Maltose was used as the external calibration standard. The aromatic proton (doublet) of the toxins and the anomeric proton signal of maltose at 5.25 ppm (doublet) were chosen for quantitation. Peaks were integrated manually. Accuracy of the quantitative NMR measurement was within a range of 2 %.
Preparation of standard solutions
Stock solutions of labeled and unlabeled ATXs were prepared in MeOH shortly after the NMR measurement and stored at −20°C. Stability was examined after 6 months by HPLC-UV. AOH and AME standard concentrations were calculated using the measured UV absorption at 256 nm with 1-cm path length and the extinction coefficient of 40,600 L mol
AOH and 47,600 L mol −1 cm −1 for AME in ACN [18] . For calibration, they were further diluted to 1 and 0.1 μg mL −1
.
LC-MS/MS measurement
The binary gradient system consisted of ( . The gradient started at 0 % B for 3 min and was raised linearly from 0 % B to 100 % B during the next 22 min and maintained at 100 % B for 2 min. Thereafter, the mobile phase returned to 0 % B within 2 min, and the system was equilibrated for 5 min before the next run. The injection volume was 5 μL.
The ion source parameters were set as follows: curtain gas 10 psi, CAD gas pressure medium, ion spray voltage −4,500 eV, spray gas 45 psi, dry gas 55 psi, and temperature 450°C. MS parameters were optimized by direct infusion of each standard solution (100 ng mL
) into the source. For MS/ MS measurements, the mass spectrometer was operated in the multiple reaction monitoring (MRM) mode at the conditions detailed in Table 3 . A Rheodyne valve (IDEX Health & Science, Oak Harbor, WA, USA) was used to divert the column effluent to the mass spectrometer from 7 to 22 min and to waste for the rest of the run. Data acquisition was carried out using Analyst 1.5 software (Applied Biosystems, Foster City, CA, USA).
Calibration and quantitation
A series of solutions with constant amounts of internal standard (IS) and varying amounts of analyte (An) in molar ratios between 0.1 and 10 (1:10, 1:5, 1:2, 1:1, 2:1, 5:1, 10:1) were prepared for the calibration curves of ATX I, II, alterperylenol, AOH, and AME. Peak area (A) ratios [A(An)/A(IS)] were then obtained via LC-MS/MS, and a response curve was calculated from molar ratios [n(An)/n(IS)] versus [A(An)/A(IS)]. Calibration functions were obtained using simple linear regression and revealed a negligible intercept. Linearity of the response was checked by analysis of the residuals (homogeneity and normal distribution) after linear regression, and the Mandel test for suitability of a linear approximation was performed.
Sampling and sample preparation Food samples were collected from markets in and around Freising, Germany. For solid samples, 0.5-1 g of the finely Then, 10 mL of ACN-H 2 O (84:16, v/v) was added to the sample, and the mixture was briefly vortexed and shaken on a laboratory shaker at 200 rpm for 1.5 h. Subsequently, the sample was centrifuged at 1,000g for 10 min. The supernatant was defatted with pentane (3×6 mL), diluted with the same volume of water, if necessary clarified by adding saturated sodium chloride solution (approx. 1.5 mL), and extracted with DCM (2×5 mL). The extract was evaporated to dryness, dissolved in 200 μL of MeOH-H 2 O (50:50, v/v), and filtered through a 0.22-μm membrane filter (Berrytech, Grünwald, Germany) prior to LC-MS/MS. For liquid samples, 20 g of sample was spiked with the same amount of internal standards as above for solid samples, diluted with 5 mL of saturated sodium chloride solution, and extracted with DCM (2×5 mL). The extract was evaporated to dryness, dissolved in 200 μL of MeOH-H 2 O (50:50, v/v), and filtered through a 0.22-μm membrane filter prior to LC-MS/ MS.
Method validation
Method validation was carried out in analogy to the validation procedure described for TEN [19] .
Limits of detection and limits of quantitation (LOQs) Potato starch was used as blank matrix and spiked with unlabeled compounds at 0.4, 0.8, 1.6, and 4 μg kg −1 (each in triplicate).
Analysis was performed as described above. Then, the data obtained from the stable isotope dilution assays (SIDAs) and spiked amounts were correlated. A subsequent regression calculation provided the calibration line and the confidence interval, which was used to compute the LODs and LOQs [25] .
Precision Naturally contaminated organic whole wheat flour with ATX I and AOH concentrations at 4.0 and 23 μg kg , respectively, and potato starch spiked with alterperylenol, ATX II, and AME (each at 4.0 μg kg ) were used to determine inter-day (n=3 within 3 weeks) and intra-day (n=6 on each of those 3 days) precision.
Recovery of SIDA Recovery was calculated from the results of spiked potato starch used for LOD/LOQ determination. Results and discussion
Biosynthesis
The total amount of ATXs increased during 14 days of cultivation in rice medium and remained at a relatively high level even until 37 days of incubation; longer incubation times were not investigated. By the 37th day of incubation, TEN was degraded completely, AOHs were degraded to a great extent, and ATXs were then purified by preparative HPLC.
In the synthetic medium with higher concentration of glucose (50 g L −1
) and sodium nitrate, the fungus did not produce significant amounts of ATXs even after months, although more biomass was formed. Since ATXs were observed as the main toxins produced during fungal growth in rice in the later phase, it was assumed that NH 4 + , which is the degradation form of nitrogen originating, e.g., from proteins, might be essential for ATX biosynthesis. To prove this, NH 4 + was used as the sole nitrogen source, and ATXs were produced on a short timescale in liquid medium as the main toxin products in contrast to TEN, AOH, AS, and AME, which were not detected. Obviously, NH 4 + instead of NO 3 − has a direct impact on ATX biosynthesis. In summary, modified Czapek-Dox medium containing glucose (4 g L −1
) and ammonium sulfate (0.27 g L −1
) achieved the highest yield, which was observed in 7-9 days.
Subsequently, 25 mL of this optimized medium containing [ ) determined by HPLC-UV were 97, 97, 104, and 93 %, respectively, with relative standard deviation (RSD) of less than 10 %. However, only 39 % were recovered if Ste III was stored at 5 μg mL −1 under the same conditions.
Fragmentation in tandem mass spectroscopy
Labeled (m/z value in parentheses) and unlabeled fragments were correlated according to their mass increments and their abundance. Accordingly, a fragmentation scheme is proposed utilizing the number of lost carbons in Fig. 3 .
In a previous work of our group, [ 2 H 4 ]AOH and [ 2 H 4 ]AME have been synthesized and characterized [18] . The study presented here provides complementary information via the introduced 13 C-labels and, following both spectra, fragmentation pathways are proposed in Figs. 4 and 5 .
The spectra showed patterns of H-radical loss, e.g., in the m/z range of 212-215. Main possible fragments have been discussed before, which are consistent with the 13 C-labeled spectrum [18, 26] . According to the spectra of the labeled isotopologues, the quantifier fragment (a) at m/z 147 of AOH must have lost five carbon atoms and one aromatic hydrogen (Fig. 4) .
For AME, the fragmentation scheme is proposed in Fig. 5  according to [26] is presented in the ESM.
Fragmentation in the electrospray ion source
The hydroxyl group of C-12a (Fig. 3) in the bay corner is easily eliminated during ionization, since (a) m/z 333 was detected as the precursor ion giving fragmentations (b)-(f). The intensity of (a) was almost as high as that of the precursor ion of ATX. The same occurred to the other ATXs.
To observe the loss, the temperature of ionization was reduced from 450 to 250°C. The proportion of (a) decreased along with the intensity of target fragments. In order to insure the detection limit for ATXs as well as for other analytes, temperature was kept at 450°C. The instability of ATX indicated that for precise quantification, isotope-labeled internal standards are essential in order to compensate for the losses in MS as well as during sample preparations as far as possible.
Spectral overlap of the labeled internal standard
However, the loss of 18 Da in the ion source caused an m/z overlap between labeled und unlabeled compounds. Compared with natural substances, which have a positive increment of the molecule mass plus n (n=1, 2, 3, etc., depending on heavier natural isotopes such as (Fig. 6 ) was recorded in enhanced resolution mode. The loss of 18 Da in the ion source yielded the same m/z as the deprotonated molecule of the unlabeled analyte and a further loss of H 2 O yielded fragment (a). Due to this overlap, the fragments (a) in Fig. 3 are not suitable for quantification. More details of this overlap are described in the ESM. Isotope distribution was measured also in the MRM mode to determine the exact purity of the fully labeled internal standards and the occurrence of a spectral overlap with the unlabeled analytes. The isotopic distribution of the unlabeled material confirmed the resolution of the equipment, since it was in agreement with theoretical distribution of isotopologues. With these results and the concentrations determined by UV spectrometry or HPLC-UV, suitable MRM transitions for the five toxins were selected (Table 3) and MS response factors were determined, which ranged from 0.98 to 1.11. We assume that the subtle difference of ideal response in MS is caused by isotope effect (IE) due to fully labeling with 13 C. Moreover, the IE of AME (271→256), which has been discussed above, caused the maximal deviation in response.
However, as the calibration curve is linear, this does not affect the accuracy of the method.
Linearity
Satisfying linearity of relative responses between analyte and internal standard for the chosen molar ratios (0.1-10) was obtained with the coefficient of determination (R 2 ) exceeding 0.999 for ATX I, II, alterperylenol, AOH, and AME. 
Separation
The use of 2-propanol in the mobile phase not only resulted in complete separation of all analytes but also enhanced the sensitivity. Signals were two to seven times as intensive as those eluted with MeOH and H 2 O. MeOH up to 100 % was applied as the main force to elute AME to prevent an IE on AME on the HPLC column in both ACN-H 2 O and ACN/2-propanol-H 2 O eluting system as will be detailed in the following.
Isotope effects in chromatography
When a gradient with (A) H 2 O and (B) ACN/2-propanol (50/ 50, v/v) was used, significant and irreproducible differences in the retention time of unlabeled and 13 C-labeled AME were observed (Fig. 7) , and A(An)/A(IS) ratios revealed poor reproducibility (coefficient of variation up to ±50 % for AME). A possible cause for this IE was that 2-propanol possesses a higher elution strength and separation efficiency, so it could lead to a separation of multiple 13 C-labeled and unlabeled compounds. The differences in retention time caused a variable response in MS, probably because the different proportions of organic solvent led to different ionization efficiency and, in consequence, in variable intensity.
When an ACN-H 2 O gradient was applied, IE on AME was not so obvious. However, no sound linear response curve was obtained as the slopes varied up to 40 % if several calibration points were taken randomly. In contrast to this, IE was rarely observable for AOH, which was eluted much earlier, and therefore, no separation occurred, although in principal AOH should have a similar IE behavior as AME. This indicated that elution with a more polar solvent should reduce IE on 13 ]AME as internal standards was carried out. In all systems, IE in chromatography for both substances was observed. As expected, the differences in retention time of the unlabeled analytes to the deuterated standards were more pronounced than to the 13 C-labeled standards. However, this delay remained constant, and the response curve was linear with R 2 above 0.999. Unlike the 13 C-labeled standards, deuterium-labeled standards showed a stronger but constant and predictable IE and, therefore, the eluting system is not so critical. Nevertheless, a tedious matrix calibration would be necessary for sample analysis. In contrast to this, 13 C-labeled compounds did not show IE to that extent, except for AME, which demanded a careful selection of a proper eluting system. Thus, they might be better choice than deuterium-labeled ones, at least in routine sample analysis.
Deuterated and 13 C-labeled compounds appear to be more polar than the unlabeled ones, since both were eluted earlier than the unlabeled analytes. That the difference in properties between labeled and unlabeled AME was more pronounced than that of ATXs is possibly due to the planar structure of the molecule, which enables a strong interaction with the stationary phase and indicates the potency of the fifteen 13 C atoms to convey a significant difference to the unlabeled molecule.
Method validation
Using starch as matrix, LODs ranged from 0.09 to 0.53 μg kg −1 . The inter-/intra-day RSDs of the method were below 13 %, and the recoveries ranged between 96 and 109 % (Table 4) . Compared with the published validation data for ATX I including the lowest LOD at 3.0 μg kg −1 and a wide variance in recovery [14, 15] , the SIDA presented here achieved a lower LOD (0.36 μg kg −1 ), low inter-/intra-day RSDs, and complete recovery even at low concentration levels. To the best of our knowledge, no validation data for ATX II and alterperylenol have been published so far. As in the case of liquid samples, the MS background noise was much less; signal-to-noise ratios of 3 and 10 were used for (−) data not available LOD, LOQ, and recovery were determined in potato starch as the matrix [19] estimating LODs and LOQs for these samples. Thus, LODs for ATX I, AOH, AME, and TEN were 0.012, 0.023, 0.010, and 0.020 μg kg −1
, respectively.
Natural occurrence
Among the measured commercial food samples (Table 5) , organic foods tended to be more frequently contaminated with ATX I and alterperylenol, as observed for some of the organic whole grains (chromatograms in Fig. 8 ) and one organic apple juice. Samples with higher levels of AOH, AME, and TEN in some cases also contained ATXs, e.g., paprika powder, but there were exceptions as well, since no ATXs were observed in grape juice and cherry juice, although the contamination level of AOH was rather high. ATXs were not detected in the analyzed tomato products. If the food was contaminated with ATXs, it was likely to be co-contaminated with AOH, AME, and TEN, but not necessarily vice versa. This is in agreement with the synthesis of ATXs in the later growth phase. According to their poorer stability, it is predictable that ATXs contamination would be lower if the food process is more elaborate. Apart from 35 food samples, seven sorghum feed samples were analyzed and the contamination level of all the analyzed toxins was more than ten times higher than the average contamination level in food samples (Table 5) .
Fine and super-fine wheat flour (German flour type 550 and 405, respectively) did not show any contamination with the analyzed toxins. This might be a proof that Alternaria toxins are produced strictly on the surface of grains which is exposed to oxygen and low in nutrients. ATX II, III, and Ste III were not detectable. Thus, they are not assumed to be a health hazard in the food chain because they are not stable.
However, special attention should be paid to Alternaria spores and they should be avoided because they might contain those mutagenic toxins.
For a solid risk assessment of ATXs for consumers, neither enough toxicological nor accurate exposure data are available. However, with the data presented here, a first estimation for ATX I can be done on the basis of the threshold of toxicological concern (TTC) approach generally applied by the EFSA in such cases with the following assumptions: (1) As a genotoxic compound, ATX I can be classified in the group of compounds containing alerts of carcinogenicity resulting in a TTC threshold of 0.15 μg day −1 [27] , (2) as we detected ATX I mainly in organic whole cereals or the respective flours, only these kinds of products were considered to be a potential risk for the respective consumers and to contain a calculative mean of 1.23 μg kg −1 ATX I, and (3) we considered the average daily consumption of cereals and cereals products of 70 and 58 g per day for men and women, respectively, as an conservative estimate [28] . Under these assumptions, the mean chronic dietary exposure to ATX I for consumers of whole cereals and cereal products is estimated to be 0.086 and 0.071 μg per day for men and women, respectively, which does not exceed the TTC value of 0.15 μg day .
Conclusions
The study on labeled ATXs has indicated that directed biosynthesis in chemically defined media can achieve selective production of mycotoxins. This can not only increase the yield but also reduces by-products and thus facilitates purification.
To obtain higher amounts of stable isotope-labeled internal standards for highly accurate analysis, there is much more The results of the first comprehensive SIDA presented here indicate that the main exposure to ATX originates from cereals and that bread does not contribute to ATX exposure. This finding can be attributed to the instability of ATX toxins to heat treatment. Thus, our present data point to an exposure below the TTC and, therefore, we do not conclude an urgent need for measures of reduction. However, the TTC concept includes several imponderables such as the threshold set ambiguously and the highly variable consumption data. Moreover, as our data on cereals and bread are far from being representative, we recommend further monitoring of ATX contamination in foods. In addition, a reliable risk assessment requires additional compound-specific toxicity data.
In addition, in feed, the higher amounts of ATXs might be critical.
